Although sensorineural hearing loss (SNHL) is known to compromise central auditory structure and function, the impact of milder forms of hearing loss on cellular neurophysiology remains mostly undefined. We induced conductive hearing loss (CHL) in developing gerbils, reared the animals for 8 -13 d, and subsequently assessed the temporal features of auditory cortex layer 2/3 pyramidal neurons in a thalamocortical brain slice preparation with whole-cell recordings. Repetitive stimulation of the ventral medial geniculate nucleus (MGv) evoked robust short-term depression of the postsynaptic potentials in control neurons, and this depression increased monotonically at higher stimulation frequencies. In contrast, CHL neurons displayed a faster rate of synaptic depression and a smaller asymptotic amplitude. Moreover, the latency of MGv evoked potentials was consistently longer in CHL neurons for all stimulus rates. A separate assessment of spike frequency adaptation in response to trains of injected current pulses revealed that CHL neurons displayed less adaptation compared with controls, although there was an increase in temporal jitter. For each of these properties, nearly identical findings were observed for SNHL neurons. Together, these data show that CHL significantly alters the temporal properties of auditory cortex synapses and spikes, and this may contribute to processing deficits that attend mild to moderate hearing loss.
Introduction
The mammalian brain is quite vulnerable to environmental manipulations during early postnatal development. For the auditory system, experience-dependent plasticity is thought to adjust central processing in response to the acoustic rearing environment (Sanes and Constantine-Paton, 1985; Kilgard and Merzenich, 1998; Gold and Knudsen, 2000; Zhang et al., 2001; Nakahara et al., 2004; Norena et al., 2006) . However, it is well documented that developmental auditory deprivation leads to extensive changes in auditory processing (Sharma et al., 2002; Syka, 2002) . The most direct measures of neuron physiology demonstrate that sensorineural hearing loss (SNHL) alters both membrane properties and synaptic transmission throughout the central auditory system (Kotak and Sanes, 1996; Francis and Manis, 2000; Sanes, 2000, 2002; Oleskevich and Walmsley, 2002; Vale et al., 2003; Kotak et al., 2005; Wang and Manis, 2006) . In contrast, conductive hearing loss (CHL) only attenuates sound transmission to the inner ear, but does not compromise the cochlea. Moreover, it remains unknown whether mild hearing loss, without damage to the cochlea, can influence synaptic and membrane properties.
Neurons along the central auditory pathways maintain precise spike timing which is attributable, in part, to specialized synaptic mechanisms and biophysical properties (Oertel, 1999; Trussell, 1999; Rose and Metherate, 2005) ; these properties are thought to be crucial for the detection of acoustic features that change on millisecond time scales. Because psychoacoustic studies indicate that hearing loss can perturb temporal processing, such as gap detection and speech discrimination (Nelson and Thomas, 1997; Snell and Frisina, 2000) , it is appropriate to determine whether the dysfunction of central properties contribute to these deficits. In fact, recordings from animals raised with moderate SNHL indicate that temporal processing is disrupted Eggermont, 2006, 2007) .
Cellular studies on the effects of sensory deprivation, including hearing loss, have focused almost exclusively on alterations of synaptic strength and neuronal excitability, whereas kinetic properties are relatively unexplored. Furthermore, there has never been a direct comparison of deafferentation (i.e., SNHL) and deprivation (i.e., CHL) in the same experimental preparation.
The present study was designed to assess electrophysiological properties in thalamorecipient auditory cortex (ACx) after bilateral CHL or SNHL. Using whole-cell current-clamp recordings, we examined the synaptic responses and firing behavior of ACx pyramidal neurons in response to repetitive thalamus stimulation or current pulse injections, respectively. Our findings indicated that CHL profoundly affects short-term synaptic depression, as well as spike adaptation. In addition, the latencies of evoked postsynaptic potentials were longer and more variable. The effects were as large as those found in SNHL neurons, suggesting that even mild to moderate forms of hearing loss can alter ACx temporal precision.
Materials and Methods
Surgery for conductive or sensorineural hearing loss. All protocols were reviewed and approved by New York University Institutional Animal Care and Use Committee. Gerbil (Meriones unguiculatus) pups at postnatal day 10 (P10) were anesthetized with the halogenated ethyl methyl ether methoxyflurane (Metofane). Anesthetic induction occurred within 10 min and produced complete elimination of responses to nociceptive stimuli. Conductive hearing loss was induced by tympanic membrane puncture and malleus extirpation (Tucci et al., 1999) . A postauricular skin incision was made, and the tympanic membrane was visualized and punctured with forceps. The malleus was then removed through this opening. When brain slices were prepared, the stapes was visualized to ensure stability within the oval window; malleus removal did not disrupt the stapes in any of the animals used for this study. The postauricular wound was closed with cyanoacrylate glue, and the procedure repeated on the other side. Sensorineural hearing loss was induced using procedures similar to those described previously (Sanes et al., 1992; Vale and Sanes, 2002) . In brief, a small hole was made in the cochlear wall, and the contents were rapidly removed with a forceps. A piece of Gelfoam was then placed in the cavity and the wound was closed. The procedure was then repeated on the other side. After surgery, animals were warmed on a heating pad and returned to the litter when respiration and motor activity had recovered. Animals were reared for 8 -13 d after surgery, with their parents, under conditions identical to those for control pups. Before each brain-slice experiment, successful induction of CHL was confirmed by opening the middle ear under a dissecting microscope and observing the absence of malleus and presence of intact stapes. Successful SNHL was confirmed by opening the inner wall of the cochlea and observing the absence of cochlear tissue and the presence of a Gelfoam insert. Thus, the recordings were not performed blind. The age of surgery was chosen based on the finding that anteroventral cochlear nucleus cell number is unaffected by cochlear ablation after P9 in gerbils (Tierney and Moore, 1997) . In addition, sham surgery was performed on six animals at P10. Each animal was anesthetized, an incision was made in the skin over each ear canal, the wound was closed, and the animal was then allowed to recover. Thalamocortical brain slice recordings. Brain slices were generated from P18 -P23 animals in a manner similar to that reported for the mouse and gerbil (Cruikshank et al., 2002; Kotak et al., 2005) . This horizontal thalamocortical slice preparation retains much of the connectivity between the ventral medial geniculate nucleus (MGv) and the core auditory cortex (ACx). The artificial CSF (ACSF) contained (in mM) 125 NaCl, 4 KCl, 1.2 KH 2 PO 4 , 1.3 MgSO 4 , 26 NaHCO 3 , 15 glucose, 2.4 CaCl 2 , and 0.4 L-ascorbic acid, pH 7.3 (when bubbled with 95% O 2 /5% CO 2 ). ACSF was superfused in the recording chamber at 3 ml/min at 32°C. Whole-cell current-clamp recordings (PC-501A; Warner Instruments, Hamden, CT) were obtained from layer 2/3 pyramidal neurons in the ACx. Data were acquired from neurons with a resting potential (V REST ) of less than or equal to Ϫ50 mV and overshooting action potentials. Recording electrodes were fabricated from borosilicate glass microcapillaries (outer diameter, 1.5 mm) with a micropipette puller (model P-97; Sutter Instruments, Novato, CA). The internal patch solution contained the following (in mM): 127.5 potassium gluconate, 0.6 EGTA, 10 HEPES, 2 MgCl 2 , 5 KCl, 2 ATP, 0.3 GTP, and 5 phosphocreatine, pH 7.2. The tip resistance of the patch electrode filled with the internal solution was 4 -8 M⍀. Access resistances were usually 15-30 M⍀ and were compensated by ϳ70%. To activate the thalamocortical pathway, a bipolar insulated platinum electrode was placed over the MGv and electrical stimuli (200 s pulses) were delivered via a stimulus isolator (model BSI-950l; Dagan, Minneapolis, MN).
In vitro data collection and analysis. Data were collected using a Macintosh G4 computer (Apple, Cupertino, CA) running a custom-designed Igor (version 3.14; WaveMetrics, Lake Oswego, OR) macro called Slice. The data on firing properties and evoked synaptic potentials were analyzed off-line using a second Igor macro called Slice Analysis. The peak amplitude of each postsynaptic potential (PSP) in response to a MGv stimulus train was measured from baseline just before the response onset. The time constant of PSPs depression was obtained by fitting single exponential curves to normalized PSPs amplitude (Origin 7.5; OriginLab, Northampton, MA). To ensure that each fit reflected the synaptic Figure 1 . Short-term depression of MGv-evoked PSPs in controls. A, PSPs of a control neuron to train stimulation of MGv with 10 current pulses at 2-40 Hz. Stimulation intensity was adjusted to obtain Ϸ5 mV response on the first pulse. Each trace is an average of three trials. Resting membrane potential is Ϫ65 mV. B, PSP amplitude as a function of stimulus number in the train. PSP amplitude was measured from baseline just before each response onset to the peak amplitude of the response (dashed lines in example) and was normalized to the first response in each train. Data points were averaged from 21 control neurons. dynamics, we required that there were at least two points on the rapidly decaying portion of the fitted curve. Thus, we excluded the 2 Hz data from the analysis because PSPs amplitude frequently reached a steady state by the second response. PSP latencies were measured from each stimulus to the rising inflection of the synaptic response. The spike latency was measured from each current pulse onset to the peak of its resultant action potential. Both the data acquisition and analysis macros are available with complete documentation on-line at http://www. cns.nyu.edu/ϳsanes/slice_software/. Statistical tests (ANOVA, AN-COVA, t test, Wilcoxon's test) were performed using statistical software (JMP 5; SAS Institute, Cary, NC). Data are presented as mean Ϯ SEM unless otherwise indicated. In all cases, statistic significance was defined as p Ͻ 0.05. Round-window recordings. Round-window recordings were obtained from P20 -P21 control gerbils and those with CHL surgery. Animals were anesthetized with chloral hydrate (350 mg/kg) and ketamine (15 mg/kg) for surgery, and supplements were given as indicated by a withdrawal response to toe pinch. Atropine (0.08 mg/kg) was given with initial anesthesia to minimize pulmonary secretions and tracheotomies were performed on all animals. All procedures were reviewed and approved by the New York University Institutional Animal Care and Use Committee. Core body temperature was monitored with a rectal probe and maintained at 37°C with a homeothermic blanket (Harvard Apparatus, Kent, UK). The tympanic bulla was exposed with a ventral approach, a silver electrode was placed near the round window, and a portion of the wire was superglued to the bulla for stability.
All acoustic experiments were conducted in a sound-attenuated chamber (Industrial Acoustics, Bronx, NY). Sound production was controlled by a MALab system (Kaiser Instruments, Irvine, CA). Nylon ear probes were sealed to each annulus, and the closed acoustic system was calibrated from 100 Hz to 40 kHz (0.5 inch microphone; Bruel and Kjaer, Norcross, GA), as described previously (Spitzer and Semple, 1993) . Acoustic stimuli were generated via digital signal processing hardware and associated Macintosh-based software (MALab; Kaiser Instruments). Analog biological data were amplified (Grass P15; Grass Instruments, Quincy, MA), and averaged sound stimuli were 4 ms pure tones with 1 ms rise and fall times. The tones were repeated at a rate of 11.3 per second to retain consistency with a previous report (Tucci et al., 1999) . The sound-evoked potentials recorded from the round window were amplified (Grass P15) and averaged on a digital oscilloscope (DL 1540C; Yokogawa, Tokyo, Japan). The oscilloscope was triggered by the stimulus generating system (MALab), and 128 traces were averaged for each stimulus. Tones of 1, 2, 4, 8, 12, 16 , and 20 kHz were tested and sound level was adjusted in 5 dB steps to obtain the threshold response (i.e., a visually detectable cochlear microphone or N1 potential).
Results

Sound attenuation produced by CHL surgery
To determine the effect of malleus removal on tone thresholds, recordings were obtained at the round window. As shown in Table 1 , sound was attenuated by 34 -46 dB in CHL animals, depending on the frequency (1, 2, 4, 8, 12, 16, or 20 kHz) . For each stimulus frequency tested, there was a significant difference between the thresholds obtained for control versus CHL animals. These threshold values are similar to those obtained in adult control gerbils and those with conductive hearing loss induced at P21 (Tucci et al., 1999) .
CHL or SNHL increases short-term depression
An intact thalamocortical projection was initially verified by recording a robust MGv-evoked extracellular response. Whole-cell current-clamp recordings were then obtained from pyramidal cells within layer 2/3 (n ϭ 61 control neurons; n ϭ 67 CHL neurons; n ϭ 50 SNHL neurons). Pyramidal cells were identified visually before seal formation, and confirmed after membrane rupture by their discharge pattern in response to long suprathreshold depolarizing current injections (Rose and Metherate, 2005) .
To determine whether temporal properties of synapses are altered by hearing loss, the short-term plasticity of MGv-evoked PSPs was assessed with stimulus trains (10 pulses, 2-40 Hz) that fell within the range of the tone-evoked firing rate of MGv neurons (Massaux et al., 2004) . Stimulation intensity was adjusted to obtain Ϸ5 mV PSPs on the first pulse at each stimulation frequency. PSPs of this amplitude permitted us to observe shortterm synaptic depression or facilitation during stimulus trains. As shown for a control neuron in Figure 1 A, PSP amplitude depressed during a stimulus train for all frequencies tested. The peak amplitude of each PSP was measured from baseline just n ϭ 19) and SNHL (filled squares; n ϭ 12) neurons compared with control neurons (filled circles; n ϭ 17). Single exponential curves were used to find the time constant of PSP amplitude decay as illustrated in B. D, A statistical comparison was performed using ANCOVA with the stimulation frequency as a covariate among control, CHL, and SNHL neurons. Here, we show the leastsquares means of steady-state PSP amplitudes, which are adjusted for the effect of stimulation frequency (as shown in C). **p Ͻ 0.01. before the response onset ( Fig. 1 B, inset) , and normalized amplitude was plotted for the entire population of control neurons. The amount of depression increased as stimulation frequency was raised (Fig. 1 B) .
To quantify the effect of hearing loss on the kinetics of synaptic depression, single exponential curves were fit to normalized PSP amplitudes for each neuron at each stimulation frequency (see Materials and Methods) . Figure 2 A shows responses to 20 Hz stimulation for a control and a CHL neuron. Figure 2 B compares the exponential fit for these two neurons and illustrates a faster rate of decay for the CHL neuron. Figure 2C shows that the time constants of decay were faster for both hearing-loss groups, and this was true for each stimulus frequency tested. To determine whether there was a main effect of treatment group, independent of stimulus frequency, a least-squares means comparison was performed for the decay time constant of PSP amplitudes during a stimulus train. The three groups were compared with an AN-COVA test in which the stimulation frequency served as a covariate (Fig. 2 D) . Hearing loss was found to significantly decrease the decay time constant (control, 124.3 Ϯ 7.1 ms; CHL, 94.2 Ϯ 6.1 ms; SNHL, 91.4 Ϯ 8.2 ms; ANCOVA, df ϭ 2; F ϭ 6.5; p ϭ 0.002).
In many neurons, higher-frequency thalamic stimulation appeared to elicit a slow depolarization, on which the fast EPSPs were superimposed (Fig. 1 A, 20 and 40 Hz). To determine whether a slow depolarization was influenced by hearing loss, the membrane potential was obtained just before the final pulseevoked response and compared with the resting membrane potential before stimulation. Hearing loss was found to have no effect on the depolarization in response to either 20 Hz (control, 1.4 Ϯ 0.2 mV; CHL, 1.3 Ϯ 0.3 mV; SNHL, 1.4 Ϯ 0.3 mV; ANOVA, df ϭ 2; F ϭ 0.02; p ϭ 0.98) or 40 Hz (control, 3.4 Ϯ 0.5 mV; CHL, 3.2 Ϯ 0.5 mV; SNHL, 3.8 Ϯ 0.6 mV; ANOVA, df ϭ 2; F ϭ 0.4; p ϭ 0.67) stimulation. The three groups were then compared with an ANCOVA test in which the stimulation frequency (20 or 40 Hz) served as a covariate. This test also did not show a significant effect of hearing loss on the slow depolarization (control, 2.3 Ϯ 0.3 mV; CHL, 2.2 Ϯ 0.2 mV; SNHL, 2.5 Ϯ 0.3 mV; ANCOVA, df ϭ 2; F ϭ 0.4; p ϭ 0.68).
To quantify the effect of hearing loss on steady-state PSP amplitudes, the last three responses were averaged and compared with the first PSP (Fig. 3A, inset) . Figure 3A shows that the steadystate amplitude of PSPs was smaller for both hearing-loss groups, and this was true for each stimulus frequency tested. To determine whether there was a main effect of treatment group, independent of stimulus frequency, a least-squares means comparison was performed for steady-state amplitude (ANCOVA, with stimulation frequency as a covariate). As shown in Figure 3B , this test revealed that the steady-state PSP amplitude was significantly smaller after either form of hearing loss (control, 0.50 Ϯ 0.01; CHL, 0.41 Ϯ 0.01; SNHL, 0.37 Ϯ 0.01; ANCOVA, df ϭ 2; F ϭ 30.9; p Ͻ 0.0001).
CHL or SNHL increases thalamus-evoked PSPs latency and temporal jitter
To assess whether hearing loss affects the temporal precision of PSPs, measures of latency and jitter were obtained in response to stimulus trains. PSP latencies were measured from each stimulus to the rising inflection of the synaptic response (Fig. 4 A, dashed line) and all 10 responses were averaged for each neuron. The stimulation frequency was not associated with a change in PSP latency. When compared with controls, both CHL and SNHL neurons exhibited longer PSP latency at each stimulation frequency tested (Fig. 4 B) . We then pooled together values at all stimulation frequencies and performed a least-squares means comparison on PSP latencies among the three treatment groups by ANCOVA with the stimulation frequency as a covariate. As shown in Figure 4C , this test revealed that the adjusted PSP latencies were significantly longer for both forms of hearing loss (control, 8.8 Ϯ 0.1 ms; CHL, 9.6 Ϯ 0.1 ms; SNHL, 9.7 Ϯ 0.1 ms; ANCOVA, df ϭ 2; F ϭ 24.9; p Ͻ 0.0001).
Temporal jitter was calculated as the SD of PSP latencies over a stimulus train. A least-squares means comparison performed across groups by ANCOVA with the stimulation frequency as a covariate revealed that PSP jitter was significantly larger after either form of hearing loss (control, 0.39 Ϯ 0.04 ms; CHL, 0.48 Ϯ 0.04 ms; SNHL, 0.53 Ϯ 0.04 ms; ANCOVA, df ϭ 2; F ϭ 3.7; p Ͻ 0.03). 
CHL or SNHL decreases frequency-dependent spike adaptation
To determine whether discharge patterns were also influenced by CHL or SNHL, trains of depolarizing current pulses (5 ms) were injected in a range of frequencies (5 Hz, 20 pulses per train; 20 -100 Hz, 50 pulses per train). The pulse amplitude was adjusted for each neuron such that spikes were evoked for every pulse at 5 Hz (Fig. 5A) , and this was kept constant for all stimulus frequencies. For all neurons tested, the number of spikes evoked by the pulse train decreased as stimulus frequency increased (Fig.  5B) , which was quantified as firing probability (Fig. 6 A) (number of action potentials evoked during each stimulation train divided by the number of current pulses). Importantly, both CHL and SNHL neurons displayed an elevated firing probability compared with controls (Fig. 6) .
Firing probability values were pooled across all stimulus frequencies for each treatment group and a least-squares means comparison was performed by ANCOVA with stimulation frequency as a covariate. As shown in Figure 6 B, this test revealed that firing probability was significantly higher after both forms of hearing loss (control, 62 Ϯ 1%; CHL, 70 Ϯ 1%; SNHL, 75 Ϯ 1%; ANCOVA, df ϭ 2; F ϭ 26.6; p Ͻ 0.0001).
CHL or SNHL reduces spike latency and increases spike jitter
To determine whether hearing loss effects the fidelity of pyramidal neuron discharge, the latency and temporal jitter of evoked action potentials was examined. The spike latency was measured from each current pulse onset to the peak of its resultant action potential (Fig. 7A, dashed line) , and the latencies of all spikes evoked by a pulse train were averaged. For control neurons, as stimulation frequency increased from 20 to 100 Hz, spike latency decreased from 5.71 to 5.34 ms. However, CHL and SNHL neurons displayed shorter spike latencies at each stimulation frequency tested (Fig. 7B) . All values were pooled across stimulation frequency, and a least-squares means comparison was performed on spike latency by ANCOVA with the stimulation frequency as a covariate. As shown in Figure 7C , this test revealed that spike latency was significantly shorter after either form of hearing loss (control, 5.52 Ϯ 0.03 ms; CHL, 5.29 Ϯ 0.03 ms; SNHL, 5.25 Ϯ 0.03 ms; ANCOVA, df ϭ 2; F ϭ 25.9; p Ͻ 0.0001).
Spike jitter was calculated as the SD of latencies for all successful spikes over a stimulus train (Fig. 7A, shaded area) . CHL and SNHL neurons exhibited larger spike jitter at high stimulation frequencies (60 -100 Hz). All values at each stimulation frequency were pooled, and a least-squares means comparison was performed on spike jitter among the three groups by ANCOVA with the stimulation frequency as a covariate. This test revealed that spike jitter was significantly larger after either form of hearing loss (control, 0.51 Ϯ 0.01 ms; CHL, 0.56 Ϯ 0.01 ms; SNHL, 0.59 Ϯ 0.01 ms; ANCOVA, df ϭ 2; F ϭ 11.3; p Ͻ 0.0001).
CHL or SNHL alters membrane properties
Because SNHL neurons display a depolarized resting membrane potential and an increased input resistance (Kotak et al., 2005) , we examined these two properties in CHL neurons. Resting potential was recorded immediately after the rupture of the neuronal membrane; input resistance was determined by measuring the voltage change in response to a hyperpolarizing current pulse (50 pA, 1500 ms). The mean resting membrane potential of neurons from both CHL and SNHL neurons displayed a small, but significant, depolarization when compared with controls (control, Ϫ64.3 Ϯ 0.5 mV; CHL, Ϫ62.6 Ϯ 0.4 mV; SNHL, 62.0 Ϯ 0.5 mV; ANOVA, df ϭ 2; F ϭ 5.6; p ϭ 0.005). Hearing loss also led to a significant increase in the mean input resistance, but the effect was larger for SNHL than for CHL (control, 166 Ϯ 8.5 M⍀; CHL, 217 Ϯ 9.6 M⍀; SNHL, 252 Ϯ 10.5 M⍀; ANOVA, df ϭ 2; F ϭ 18.7; p Ͻ 0.0001).
The spike latencies were analyzed as a function of resting membrane potentials, and we did not obtain a linear correlation. For example, with 20 Hz stimulation, the correlation between resting potential and spike latency was not significant for any of the three treatment groups (control, r 2 ϭ 0.05, p ϭ 0.28; SNHL, r 2 ϭ 0.1, p ϭ 0.15; CHL, r 2 ϭ 0.07, p ϭ 0.24). Therefore, the shorter spike latency observed after hearing loss is not correlated with resting membrane potential. 2). For currentpulse-evoked discharge, we examined the response to stimulus frequencies of 20 -100 Hz and found no difference in firing probability (control, 61.6 Ϯ 1.4%; sham, 62.7 Ϯ 1.5%; ANCOVA with stimulation frequency as a covariate, df ϭ 1; F ϭ 0.3, p ϭ 0.6) or spike latency (control, 5.52 Ϯ 0.03 ms; sham, 5.49 Ϯ 0.03 ms; ANCOVA with stimulation frequency as a covariate, df ϭ 1; F ϭ 0.7; p ϭ 0.4).
No effect of sham surgery
Discussion
The relationship between auditory experience and the maturation of synaptic or membrane properties has been established by studying the effect of SNHL (i.e., cochlear damage or ablation). Although it is clear that deafferentation perturbs cellular properties throughout the central auditory system (Kotak and Sanes, 1996; Vale and Sanes, 2000; Kotak et al., 2005; Walmsley et al., 2006; Wang and Manis, 2006) , the effect of sound attenuation has not been established. Because there is considerable debate about the behavioral impact of conductive hearing loss alone (Feagans et al., 1987; Teele et al., 1990; Mody et al., 1999; Psarommatis et al., 2001; Roberts et al., 2002; Paradise et al., 2005) , it is essential to establish whether or not central deficits occur. In the present study, we demonstrated that CHL led to distinct functional alterations within the ACx: short-term synaptic depression was increased, PSP latency increased, action potential adaptation declined, and the variability of PSP and spike latency increased.
Several mechanisms may account for decreased spike adaptation and increased synaptic depression. For example, reduced potassium or increased calcium conductance after hearing loss may underlie distorted membrane properties and imprecise timing (Leao et al., 2004) . A change in release probability or postsynaptic desensitization could render thalamocortical transmission weaker after hearing loss (Figs. 2, 3 ) (Zucker and Regehr, 2002; Wong et al., 2003) . Temporal deficits associated with hearing loss may also be caused by such cellular changes.
Hearing loss perturbs adaptation kinetics
The temporal discharge properties of ACx neurons are well suited for representing the low-frequency modulations that predominate in communication sounds, including speech (Singh and Theunissen, 2003) . Responses to amplitude modulated tones suggest that ACx neurons track much lower rates of modulation frequency than do inferior colliculus neurons (Creutzfeldt et al., 1980 Hearing loss decreases frequency-dependent spike adaptation. A, For all neurons, pulse amplitude was set to produce 100% spike response (top trace). As pulse amplitude increased, evoked action potentials became more reliable. A voltage response from a control neuron to a 5 Hz train of current pulses delivered at 400 or 440 pA is shown. B, Hearing-loss neurons show less spike adaptation. Left, Discharge pattern of a control neuron in response to train current injection of 50 pluses at 20 -100 Hz. The spike numbers are 30, 28, 22, 19, and 16 for 20, 40, 60, 80 , and 100 Hz, respectively. The resting membrane potential is Ϫ64 mV. Middle, Discharge pattern of a CHL neuron in response to train current injection of 50 pluses at 20 -100 Hz. The spike numbers are 47, 40, 28, 24, and 19 for 20, 40, 60, 80 , and 100 Hz, respectively. The resting membrane potential is Ϫ63 mV. Right, Discharge pattern of a SNHL neuron in response to train current of 50 pluses at 20 -100 Hz. The spike numbers are 48, 47, 37, 27, and 22 for 20, 40, 60, 80 , and 100 Hz, respectively. The resting membrane potential is Ϫ65 mV.
sponses to long-duration stimuli display relatively rapid firing rate decay kinetics (73 ms) when compared with those observed in the inferior colliculus (257 ms), suggesting a stimulusinvariant temporal filter (Ter-Mikaelian et al., 2007) . A primary finding of our study was that frequency-dependent spike adaptation decreased after either form of hearing loss. For CHL neurons, the firing probability increased by Ն10% for stimulus frequencies between 20 and 60 Hz (Figs. 5, 6 ), and the effect of hearing loss was highly significant. This alteration would be expected to increase the response of ACx neurons to equivalent excitatory inputs. However, the MGv-evoked input to layer 2/3 pyramidal neurons was found to adapt more rapidly and reach a lower steady-state value. The decay time constant was 25% faster in both CHL and SNHL neurons (Fig. 2) . The net effect of both changes could be to alter the discharge pattern in response to the amplitude envelope of an acoustic signal. Thus, for a tone pulse, the initial discharge rate could be larger for the CHL neuron, yet there could be a greater decline in the steady-state firing rate.
The synaptic depression observed here is similar to that reported for somatosensory thalamocortical synapses (Gil et al., 1997 (Gil et al., , 1999 Gibson et al., 1999; Beierlein and Connors, 2002) and thalamocortical synapses in cat visual system during repetitive stimulation (Stratford et al., 1996; Boudreau and Ferster, 2005) . In the auditory system, short-term depression of thalamocortical synapses was characterized using a minimal stimulation of MGv (Rose and Metherate, 2005) and single inputs depressed at physiological stimulation rates, whereas a small subset of EPSPs displayed no depression or mild facilitation. Although we reported only synaptic depression, relatively strong stimulus intensities were used which likely recruited several axons; thus, given a preponderance of depressing inputs, the PSPs were more likely to exhibit synaptic depression.
Because activity blockade is reported to increase neurotransmitter release probability in both solitary neuron cultures and slice preparations (Takada et al., 2005; Yashiro et al., 2005) , the underlying mechanisms for the stronger depression observed in CHL and SNHL neurons may be attributable to similar presynaptic factors. That is, hearing loss may increase the initial probability of neurotransmitter release and limit the relative amount of neurotransmitter available for subsequent release. However, our findings do not exclude postsynaptic factors such as receptor desensitization (Zucker and Regehr, 2002; Wong et al., 2003) .
Hearing loss perturbs temporal precision
The importance of temporal fine structure has also been demonstrated for certain speech reception situations and for localization (Smith et al., 2002; Kong and Zeng, 2006) , and several studies suggest that discharge timing is an important coding property in ACx (Phillips and Farmer, 1990; Phillips and Hall, 1990; Eggermont, 1995; Heil and Irvine, 1997; Furukawa and Middlebrooks, 2002; Stecker and Middlebrooks, 2003; Heil, 2004) . Such accuracy could be achieved by a secure and temporally precise synapse between the medial geniculate nucleus and primary auditory cortex (Rose and Metherate, 2005) . Additionally, precisely timed excitatory and inhibitory conductances which are cotuned for frequency and intensity can account for precise, transient responses in ACx (Wehr and Zador, 2003) .
To the extent that action potential timing contributes to auditory coding, our study suggests that such a mechanism would be impaired by either CHL or SNHL. The results that are most salient to this point include a relatively large increase in the latency of MGv-evoked PSPs (Fig. 4) , a modest decrease in currentevoked action potential latency (Fig. 7) , and an increase in the jitter of both PSPs and spikes. Although a full network model will be required to discern the cumulative effect of these alterations, they could lead to longer first spike latencies, albeit with greater trial-to-trial variance.
It has been shown in several subcortical nuclei along auditory pathway that synaptic latency has a trend to decrease with development (Wu and Oertel, 1987; Sanes, 1993; Kandler and Friauf, 1995; Ahuja and Wu, 2000) . Therefore, hearing loss seems to delay the maturation of accurate synaptic transmission, as it does in the maturation of synaptic plasticity mechanisms (Kotak et al., 2007) . The systematic PSP latency difference between control and hearing loss neurons might be attributable to axonal conduction velocity and/or synaptic delay, which experience an activitydependent maturation during postnatal development (Foster et Figure 6 . Hearing loss increases firing probability. A, Firing probability plotted against stimulation frequency for CHL (n ϭ 23) and SNHL (n ϭ 23) neurons compared with control neurons (n ϭ 26). Firing probability is the number of action potentials evoked during each stimulation train divided by the number of current pulses. B, Statistical comparison of adjusted firing probability among control, CHL, and SNHL neurons. ANCOVA with stimulation frequency as a covariate, ****p Ͻ 0. 0001. al., 1982) . In addition to synaptic mechanism, neuronal biophysical properties also play an important role in determining neuronal spike timing. By measuring the latencies of spikes evoked by train pulses, we show in this study that hearing loss impairs cortical timing also via biophysical mechanism.
Relationship to ACx coding properties in models of hearing loss In the ACx, brief sounds elicit a powerful suppression of responsiveness that can persist for hundreds of milliseconds, which is referred to as forward masking. The inhibitory circuitry within the cortex has been widely considered as the underlying mechanism in this phenomenon (Calford and Semple, 1995; Brosch and Schreiner, 1997; Brosch et al., 1999; Tan et al., 2004) . The synaptic depression at the thalamocortical synapse, however, is recently revealed to play a role for such cortical forward masking (Wehr and Zador, 2005) , similar to the somatosensory system (Chung et al., 2002) . Because hearing loss increases thalamocortical synaptic depression (Figs. 2, 3) , it is plausible that percepts such as forward masking could also be disrupted. For example, subjects with hearing loss exhibit greater forward masking (Kidd et al., 1984; Gagne, 1988) , making it harder to detect soft signals in a noisy environment.
In vivo studies have shown that temporal processing is disrupted by hearing loss, but they do not distinguish between changes that may occur in the brainstem (Wang and Manis, 2006) and those that occur at higher centers. Direct examination of the synaptic or biophysical properties that subserve temporal processing can be revealed by direct examination of a specific area of the auditory CNS. In the present study, we used auditory thalamocortical preparations to demonstrate that hearing loss compromised temporal precision in the ACx via both synaptic and intrinsic mechanisms. The degraded cortical timing may account for altered temporal processing in vivo.
Conductive hearing loss may be caused by many factors, including atresia or stenosis of the ear canal, middle ear infections with effusion, tympanic membrane perforation, fixation of the ossicular chain, or otosclerosis (Northern and Downs, 2001) ; each of these conditions has the potential to elevate hearing thresholds. For example, persistent otitis media often increases hearing levels by at least 20 dB, and severe cases can display threshold elevation of up 50 dB (Roberts et al., 2004) . It has been suggested that increased thresholds during development may compromise central auditory processing skills long after the threshold returns to normal. It may impair the ability to locate sounds and detect weak signals in noise (Hall and Grose, 1994; Wilmington et al., 1994; Hall et al., 1995 Hall et al., , 1998 Hogan et al., 1996) . CHL has also been implicated in the development of speech and language acquisition (Reichman and Healey, 1983; Bennett and Furukawa, 1984; Schlieper et al., 1985; Teele et al., 1990; Schonweiler et al., 1998; Mody et al., 1999; Psillas et al., 2006) . Despite this, little is known about the consequences of CHL on central auditory function. This study shows that synaptic and biophysical mechanisms are disrupted at the level of ACx after mild to moderate hearing loss, and suggests that central factors may contribute to associated perceptual deficits. 
